Background: Spinal muscular atrophy type 1 (SMA1) is the leading genetic cause of infant mortality for which therapies, including AVXS-101 (onasemnogene abeparvovec, Zolgensma ® ) gene replacement therapy, are emerging. Objective: This study evaluated the effectiveness of AVXS-101 in infants with spinal muscular atrophy type 1 (SMA1) compared with a prospective natural history cohort and a cohort of healthy infants. Methods: Twelve SMA1 infants received the proposed therapeutic dose of AVXS-101 (NCT02122952). Where possible, the following outcomes were compared with a natural history cohort of SMA1 infants (n = 16) and healthy infants (n = 27) enrolled in the NeuroNEXT (NN101) study (NCT01736553): event-free survival, CHOP-INTEND scores, motor milestone achievements, compound muscle action potential (CMAP), and adverse events. Results: Baseline characteristics of SMA1 infants in the AVXS-101 and NN101 studies were similar in age and genetic profile. The proportion of AVXS-101-treated infants who survived by 24 months of follow-up was higher compared with the NN101 study (100% vs 38%, respectively). The average baseline CHOP-INTEND score for NN101 SMA1 infants was 20.3, worsening to 5.3 by age 24 months; the average baseline score in AVXS-101-treated infants was 28.2, improving to 56.5 by age 24 months. Infants receiving AVXS-101 achieved motor milestones, such as sitting unassisted and walking. Improvements in CMAP peak area were observed in AVXS-101-treated infants at 6 and 24 months (means of 1.1 and 3.2 mV/s, respectively).
INTRODUCTION
Spinal muscular atrophy (SMA) is a devastating progressive neurodegenerative disease that results from biallelic survival motor neuron (SMN1) gene deletions and/or mutations [1] . Disease severity is modified by the number of SMN2 copies, a backup gene, which produces a small fraction of functional SMN protein; fewer copies of SMN2 correlate with more severe disease [2] . The majority of infants with SMA type 1 (SMA1) have 1 or 2 copies of SMN2 [2] . SMA1 symptoms typically begin in an infant before 6 months of age, and follow a rapidly progressive course that results in the inability to achieve motor milestones and a median age at time of death or requirement for permanent ventilation of 8-10 months [3] [4] [5] . The NeuroNEXT (National Network for Excellence in Neuroscience Clinical Trials) SMA Infant Biomarker Study (NN101) is a recent prospective natural history study in which early motor function decline (Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders [CHOP-INTEND] scale, range 0-64 [6, 7] , and electrophysiology measures) and death and tracheostomy (composite survival) were evaluated in infants with SMA1 treated with modern supportive care, with results demonstrating rapid early decline [4] . The NN101 study design follows the framework of a clinical trial, permitting comparison with prospective clinical trials, an important approach given the lethality of the disease and the ethical dilemma of including a control treatment arm.
Therapeutic approaches for SMA include increasing SMN protein levels. Nusinersen, an intrathecally delivered antisense oligonucleotide, is the first US FDA-approved therapy for SMA [8, 9] . The first-ever gene replacement therapy in clinical development for SMA (AVXS-101; onasemnogene abeparvovec, Zolgensma ® ) recently reported positive data in a single-arm, open-label trial in infants with SMA1 [10] . Treatment with AVXS-101 addresses the genetic root cause of SMA by intravenous delivery of human SMN via an adeno-associated virus 9 (AAV9) vector that can cross the blood-brain barrier, and has a rapid onset of effect because of its selfcomplementary feature. AVXS-101 is also designed to provide high and continuous expression of the SMN protein through a strong continuous promoter, which is essential for durable effects. In a phase 1 trial, the AVXS-101 study, all participants receiving a 1-time intravenous dose of AVXS-101 achieved permanent ventilation-free survival up to 24 months of age and further [10, 11] . Eleven (92%) of 12 infants receiving the proposed therapeutic dose achieved and maintained the ability to sit unassisted, and 2 were able to stand and walk independently [10] . AVXS-101 is currently being evaluated in an ongoing phase 3 trial in infants with SMA1 (NCT03306277).
The objective of this study was to compare survival and motor function data from infants receiving the proposed therapeutic dose of AVXS-101 in the full 24-month follow-up dataset to data reported in the NN101 infants with SMA1 natural history cohort and select data from a cohort of healthy infants, hypothesizing that AVXS-101-treated infants would have improved survival, motor function, and motor milestone achievement. This comparison was possible because infants with SMA1 in both studies were symptomatic before 6 months of age and all had similar genetic profiles (homozygous SMN1 exon 7 deletions and 2 SMN2 copies). Furthermore, infants in both studies received contemporary standard supportive care as increasingly adopted in the United States [12] , and both studies were completed before the publication of the 2018 SMA management guidelines [13, 14] .
METHODS

Study design
The objective of this analysis was to evaluate the efficacy of AVXS-101 in infants with SMA1 who received the proposed therapeutic dose of AVXS-101 and were enrolled in the first-in-human, open-label, single-arm phase 1/2a study of AVXS-101 (NCT02122952) compared with a natural history cohort of infants with SMA1 and a healthy infant cohort from a separate prospective natural history study (NCT01736553). This analysis compared survival, motor function, motor milestone achievements, and motor unit function as measured by compound muscle action potential (CMAP).
The details of the AVXS-101 study have been previously published, and the study was funded by AveXis, Inc., a Novartis Company [10] . Infants with SMA1 (n = 15) who had a genetically confirmed diagnosis of SMA1 (homozygous SMN1 exon 7 deletions and 2 copies of SMN2) were enrolled in a phase 1 study of AVXS-101. Results from study follow-up until all infant participants were at least 20 months of age have been published [10] . For the purposes of this comparison, the 12 infants who received the proposed therapeutic dose of AVXS-101 (1.1 × 10 14 vg/kg based on droplet digital polymerase chain reaction [ddPCR TM ; Bio-Rad, Inc.], equivalent to 2.0 × 10 14 vg/kg based on quantitative PCR [10] ) between December 2014 and December 2015 and results from the complete 24 months of follow-up were included. Of the 12 infants, 11 received the proposed therapeutic dose at <6 months of age and 1 was dosed at 8 months of age [10] . At enrollment in the AVXS-101 study, infants requiring the use of non-invasive ventilation (NIV) ≥16 hours/day were excluded; this criterion was a defined endpoint of survival in natural history studies and applied to the clinical trial design [3] . AVXS-101 infant participants were experiencing symptoms at enrollment, with onset prior to 6 months of age.
Natural history cohort
Infants with SMA1 from a natural history study were identified from the NeuroNEXT prospective natural history study (NN101) and completed their first study visit between December 2012 and September 2012. Final results and detailed methods of the entire NN101 study were previously published [4, 8] . In the NN101 study, infants were ≤6 months of age at enrollment [8] . Infants were excluded if they were required to use NIV ≥12 hours/day [8] .
To obtain a comparable group from the NN101 database, data analysis was restricted to infants with 2 confirmed copies of SMN2, excluding 4 NN101 infants of the 20 total because of the absence of confirmed genotype information, which was attributable to insufficient blood samples. Thus 16 infants with SMA1 were selected for this comparative study.
Although symptomatic status was not specifically an exclusion criterion in the NN101 study, all infants with 2 SMN2 copies were experiencing symptoms at the first study visit. The use of a natural history cohort provides a frame of reference to evaluate the treatment benefits of AVXS-101 and places efficacy data in the context of the natural progression of the disease.
Healthy infant cohort
The healthy infant cohort was identified from the NN101 database as well. A cohort of 27 genetically confirmed healthy infants (siblings of children with SMA) were enrolled in the NN101 study and were matched for age, sex, birth weight, and height.
Ethical standards statement
The study protocols were approved by the institutional review boards at each participating institution, and study procedures were conducted according to the principles outlined in the Declaration of Helsinki. All parents or guardians provided written informed consent before any study procedures were performed.
Statistical analyses
Baseline descriptive statistics were generated using univariate analysis (means with standard deviations or frequencies with percentages) on all available assessments from infant participants' first visits. Swallowing function and feeding ability were not systematically recorded in the NN101 study, which did not allow comparison; they were evaluated monthly in the AVXS-101 study. Safety analyses for adverse events were performed in all AVXS-101-treated infants. However, only adverse events related to study procedures were recorded in the NN101 study, thereby not allowing comparison. Statistical analyses were performed with SAS software, version 9.4 (Cary, North Carolina, USA). Because statistical analyses were post hoc and comparisons were made across independent studies, any P-values presented are nominal and for descriptive purposes.
Descriptive statistics of infants surviving eventfree at 24 months was performed using proportions of patients in SMA1 cohorts. Graphical representations of time-to-event analyses were created using the Kaplan-Meier method, and the infants in the AVXS-101 study, NN101 infants with SMA1, and NN101 healthy infant cohorts were included. Of note, the NN101 study composite endpoint was death or tracheostomy [4, 8] , while the composite endpoint for the AVXS-101 study was death or ≥16 hours of ventilation per day for >2 consecutive weeks [3, 10] .
Motor function was compared graphically between the infants treated with AVXS-101 and the NN101 infants with SMA1 cohorts with the CHOP-INTEND scale [6] . For longitudinal assessments in the NN101 study, infants were evaluated at every 3 months of age (months 0, 3, 6, 12, 18, and 24); those in the AVXS-101 study were evaluated at monthly study visits. In the NN101 study, visit date and infant age were in alignment as follows: infants aged up to 1.5 months were categorized in the "0 month" age group, infants aged 1.5 to 4.5 months were categorized in the "3 months" age group, infants aged 4.5 to 6 (±2 weeks) months were categorized in the "6 months" age group, and for all other visits, infants were categorized according to age in months (±2 weeks). In the AVXS-101 study, it was necessary to pool patients into age groups to align with the NN101 groups. Therefore, infant age was rounded to the closest unit of 3 months as follows: infants aged up to 2 months were categorized in the "0 month" age group, infants aged 2 to 4.5 months were categorized in the "3 months" age group, infants aged 4.5 to 7.5 months were categorized in the "6 months" age group, etc. For those infants treated with AVXS-101 who reached a CHOP-INTEND score of ≥60 points, further gains in motor function were assessed using the Bayley Scales of Infant and Toddler Development, Third Edition (BSID-III), but are not reported in this study. Ten infants with SMA1 in the NN101 study and all 12 patients in the AVXS-101 study completed ≥2 CHOP-INTEND assessments. A change in CHOP-INTEND score for each study was determined by calculating the slope (changes over time) from the age at first to last visit. Slope was expressed as change per month (i.e., 30 days). The per-month slopes were compared with analysis of variance (ANOVA), yielding least-squares mean points per month in overall improvement (+) or worsening (-). Missing data were not imputed.
Regarding motor milestone comparison, because motor milestones were not expected to be achieved by infants with SMA1 in the NN101 study [3, 5] , these milestones were not recorded. In the AVXS-101 study, sitting unassisted as a milestone was defined by BSID-III gross motor subtest scale (item 22 for ≥5 seconds and item 26 for ≥30 seconds) and World Health Organization criteria (≥10 seconds) [15, 16] .
Ulnar CMAP measurements were obtained in both studies using the same electrophysiologic methods, so a comparison between all cohorts was completed. For this analysis, the infants were grouped with the same method described for motor function assessments. However, only the last CMAP reading for each infant was retained, resulting in at least 1 data point for each 3-month period. In the NN101 study, ulnar CMAP was measured at baseline and 3, 6, 12, 18, and 24 months of age [4, 8] . During the AVXS-101 study, ulnar CMAP was obtained at pre-dose baseline, and every 3 months thereafter; visits were timed based on study enrollment rather than age. For the purposes of this analysis, infant age was rounded to the closest unit of 3 months, with only the last reading retained for each age group. CMAP measurements at ages 0, 3, 6, 12, 18, and 24 months were used for analysis with NN101 infant participant ages.
RESULTS
Baseline characteristics
Key baseline characteristics are reported in Table 1 . Infants in the AVXS-101-treated cohort, the NN101 infants with SMA1 cohort, and the NN101 healthy infant cohort were of similar age at dosing or first study visit (3.4 months, 4.0 months, and 3.4 months, respectively). Whereas all 12 infants began experiencing symptoms before 3 months of age in the AVXS-101 study, 14 infants with SMA1 in the NN101 cohort began experiencing symptoms before 3 months of age: 1 infant between 3 and 6 months of age, and 1 infant did not have data recorded ( Table 2) .
Survival
All 12 infants in the AVXS-101 study completed the 24-month follow-up period and reached a median age of 27.8 months at last follow-up. Whereas no infants in the AVXS-101 study reached the composite survival endpoint at the 24-month post-treatment visit, 10 infants (63%) in the NN101 study reached it by a mean age of 9.6 months. Of the 6 remaining infants, 5 were either removed from the study by a parent or guardian or were lost to follow-up (mean age, 10.6 months). The final participant completed the NN101 study per the protocol at 24.1 months of age without reaching the endpoint. No infants died in the AVXS-101 study, whereas 8 (50%) died in the NN101 study at a mean age of 8.9 months. Kaplan- Table 2 . c In the NN101 study, use of nutritional support was not documented. However, difficulty swallowing was documented and an affirmation of this was used as a proxy for use of nutritional support. Meier plots for survival and the composite endpoints are provided in Fig. 1 .
Motor function
At 0 months of age, the average CHOP-INTEND score was 19.0 in the NN101 infants with SMA1 cohort and 37.0 in the AVXS-101-treated cohort. By 12 months of age, the average CHOP-INTEND score of the NN101 infants with SMA1 and AVXS-101-treated cohorts was 10.1 and 50.0, respectively ( Fig. 2A ). By 24 months of age, CHOP-INTEND scores in the NN101 infants with SMA1 cohort decreased to 5.3, whereas the mean score increased to 56.5 points in the AVXS-101-treated cohort (Fig. 2B) . The least-squares mean was -2.15 points/month (-12.9 points/6 months) for the NN101 infants with SMA1 cohort and +2.81 points/month (+16.9 points/6 months) for the AVXS-101-treated cohort. The difference between least-squares means was 4.96 (95% CI: -6.57 to -3.35) points/month (P < .0001).
All 12 infants in the AVXS-101 study showed and maintained clinically significant improvements in motor function (≥4.0 points gained in CHOP-INTEND); 11 of 12 infants had CHOP-INTEND scores that surpassed and sustained >40.0 points. None of the NN101 infants with SMA1 cohort showed motor function improvements, with a maximum CHOP-INTEND of 33.0 points at first study visit at age 5.7 months. In the NN101 study, infants with SMA1 either reached the composite endpoint (n = 10), were removed from the study by a parent or guardian or were lost to follow-up (n = 5), or completed the study and reached 24 months of age without reaching the endpoint (n = 1). SMA1, spinal muscular atrophy type 1.
Motor milestone achievements
Although motor milestones were not formally assessed in the NN101 study, the CHOP-INTEND scores in infants with SMA1 suggested that they did not achieve any motor milestones (Table 3 ). In contrast, 11 (92%) of the AVXS-101-treated infants achieved and maintained the milestone of sitting unassisted for ≥5 seconds, 10 (83%) achieved sitting unassisted for ≥10 seconds, and 9 (75%) could sit unassisted for ≥30 seconds by 24 months of followup [10] . In addition, 2 could stand and walk without assistance.
Longitudinal CMAP assessments
Ulnar CMAP peak area values decreased rapidly in the NN101 infants with SMA1 cohort, from a mean of 0.61 mV/s at 6 months of age to a mean of 0.12 mV/s at 12 months. In contrast, the AVXS-101-treated cohort demonstrated a rapid increase in CMAP peak area values, from a mean of 1.1 mV/s at 6 months of age to a mean of 2.8 mV/s at 12 months (Fig. 3 ). By 24 months of age, the NN101 infants with SMA1 cohort and the AVXS-101-treated cohorts had mean CMAP peak area values of 0.02 and 3.2 mV/s, respectively. Mean CMAP peak area values for the NN101 healthy infant cohort increased from 6 to 24 months of age (11.3 and 14.6 mV/s, respectively). CMAP peak amplitude values demonstrated similar trends (Supplemental Figure 1) . Peroneal CMAP was not performed in the NN101 study; the AVXS-101-treated cohort demonstrated a substantial increase in peroneal CMAP peak area values, from a mean of 5.7 mV/s at 6 months of age to a mean of 11.5 mV/s at 12 months.
Adverse events after administration of AVXS-101
In the AVXS-101 study, a total of 275 adverse events, mostly related to the underlying disease, were detected, of which 53 were serious adverse events. Of the serious adverse events, 2 were treatment-related In the AVXS-101 study, 3 additional infants received a low dose of AVXS-101. Total adverse events for this cohort were reported previously [10] . and consisted of asymptomatic elevation of serum aminotransferase levels (details of adverse events and prednisolone regimen were previously published [10] ). No new treatment-related adverse event was observed since the last report (Table 4) .
DISCUSSION
This summary of the completed 24-month post-treatment follow-up from the AVXS-101 study demonstrated improved outcomes in AVXS-101-treated infants with SMA1. The results are a substantial departure from the comparable NN101 infants with SMA1 cohort, with differences in survival, motor function, and motor milestone achievement appearing to increase over time [11] . Along with a significant positive impact on eventfree survival (100% vs 38% event-free survival), AVXS-101 treatment also had a rapid positive impact on the expected early motor function decline in infants with SMA1, as demonstrated by increased CHOP-INTEND scores (9.8 and 15.4 points at 1 and 3 months post-dose, respectively). The selfcomplementary attribute of the AVXS-101 transgene, which enables rapid protein production, likely contributed to the sharp early increases in the CHOP-INTEND scores [17] . At 14 months of age, mean CHOP-INTEND scores improved by 22.7 points in AVXS-101-treated infants, contrasting with the decline of 8.9 points in the NN101 infants with SMA1 cohort. The majority of AVXS-101-treated infants also achieved major motor milestones, such as sitting unassisted with improved feeding, swallowing, and ventilation compared with the natural history cohort previously described [10] . Although both cohorts of infants with SMA1 had similar baseline mean CMAP peak area values (AVXS-101, 1.7 mV/s and NN101, 1.1 mV/s), AVXS-101-treated infants had greater mean CMAP peak area values than the NN101 infants with SMA1 cohort (3.2 vs 0.02 mV/s, respectively), suggesting improved motor unit function. In contrast, the healthy infant cohort had a mean CMAP peak area of 11.3 mV/s and 14.6 mV/s at 6 and 24 months of age, respectively. It appears that AVXS-101 treatment halted further motor unit function decline, and presumably allowed an increase similar to that seen in the NN101 healthy infant cohort. Even with initial decreased motor unit function, 9 of the 12 participants treated with AVXS-101 ultimately achieved the milestone of sitting without support for ≥30 seconds.
The durability of AVXS-101 efficacy was also observed, with no waning of motor function, ulnar CMAP peak area, or motor milestone achievements. As of March 8, 2019, the age of participants in cohort 1 (n = 3) ranges from 61.5 to 64.6 months, with the longest follow-up at 58.7 months. The age of cohort 2 (proposed therapeutic dose, n = 10) ranges from 41.3 to 57.5 months, with the longest follow-up at 51.9 months. The mean age of patients in cohorts 1 and 2 is 62.4 and 47.2 months, respectively.
The durability of favorable safety results with AVXS-101 was also demonstrated. The additional 22 adverse events and 4 serious adverse events since the last report [10] were related to the disease, and were primarily respiratory issues; none were treatment-related. Previously described treatmentrelated adverse events were limited to transient asymptomatic elevated liver enzymes [10] , which is consistent with other AAV gene replacement therapy trials [18] [19] [20] .
Given that the infants in the AVXS-101 study were symptomatic at enrollment, some degree of irreversible motor neuron loss had already occurred that would potentially impact motor function. Infants with SMA1 who were treated with AVXS-101 did not develop as quickly as the healthy infant cohort in terms of motor milestone achievement and motor function. However, most eventually continued to gain motor function and developed new motor milestones [11] . The AVXS-101 study results and other interventional study reports suggest that intervention with disease-modifying treatment at the youngest possible age and early in the disease course, potentially before symptoms occur, might provide the best opportunity for optimal outcomes [21, 22] .
Limitations of this analysis include dissimilar baseline disease severity, dissimilar composite survival endpoint definition, and potential bias in the approach to supportive care. At baseline, the NN101 infants with SMA1 cohort had more progressed motor symptoms according to CHOP-INTEND scores (20.3 vs 28.2, respectively), which may predict a more severe trajectory. However, the majority of the AVXS-101-treated cohort with low CHOP-INTEND scores (<20) also achieved major motor milestones. Of note, the age of symptom onset in the AVXS-101 and NN101 cohorts was relatively similar; specifically, all infants in the AVXS-101 cohort and the majority (14 of 16) of the NN101 cohort had an age of symptom onset ≤3 months. Definitions of composite endpoints are not identical; the AVXS-101 study had a composite endpoint that included NIV, which arguably is a criterion more easily attained, as ventilatory support is commonly used. In addition, families of infants in the NN101 natural history study may have favored palliative care instead of intense hospitalization; thus, application of supportive care may be different between the study cohorts and may contribute to the higher proportion of deaths in the NN101 study. Furthermore, in the NN101 study, 4 infants in the SMA1 cohort were excluded, as their SMN2 copy status was unknown because they had died or were lost to follow-up before they could be tested. Thus, the differences between the cohorts may be understated because of their exclusion. Nevertheless, comparison of the 2 study cohorts, although imperfect, demonstrates the profound positive impact on disease course of AVXS-101 treatment in infants with SMA1 in this study.
CONCLUSIONS
End-of-study analysis demonstrated that AVXS-101 treatment substantially improved permanent ventilation-free survival, and significantly improved motor function and motor milestone achievement in infants with SMA1 in the study compared with the outcomes observed in the NeuroNEXT NN101 natural history cohort.
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